Objective Diastolic dysfunction is often incriminated in the symptomatology of patients with hypertrophic cardiomyopathy (HCM), but with limited supporting data. This study sought to assess the relationship between baseline diastolic function and exercise capacity in patients with HCM Design Retrospective study Maximal metabolic equivalents (MET) were extracted from the records.
We sought to evaluate whether baseline diastolic function is an independent predictor of maximal metabolic equivalent (METs) achieved in patients with hypertrophic cardiomyopathy utilizing a large contemporary single institution data set
Key messages
Patients with advanced diastolic dysfunction had lower maximal METs achieved compared to those with normal diastolic function After adjustment for demographics, co-morbidities, echocardiographic parameters and hemodynamics, baseline diastolic dysfunction was not an independent predictor of maximal METs achieved.
Routine treadmill exercise stress echocardiogram should be performed in patients with HCM when clinically indicated irrespective of baseline diastolic function
Strengths and limitations of this study
This is the largest study to our knowledge to evaluate relationship between diastolic function and METs in patients with hypertrophic cardiomyopathy The study has the limitations of a retrospective study from a tertiary center with selection and referral bias One-fifth of patients were excluded because of inability to assess diastolic function for various reasons Additional parameters that might influence diastolic function and exercise capacity such as aorta and ventricular stiffness, as well as diastology parameters at peak stress were not available 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 (1, 2) . It is a useful noninvasive modality that has been adopted in clinical practice for several decades in such cohort, and is currently standard of care at our institution. It provides relevant hemodynamic assessment including rest and stress left ventricular outflow tract gradients (LVOT), timing, location and degree of septal leaflet contact, dynamicity and mechanism of mitral regurgitation, blood pressure and heart rate recovery (2) , and a more objective functional exercise capacity (metabolic equivalent [MET]) than New York Heart Association class (1) , that guide the clinician with regards to individual prognosis as well as risk stratification (3, 4) .
Previous studies have documented a high prevalence of diastolic dysfunction (DD) in patients with HCM, both at a young age and early in the course of the disease(5). It has been postulated that impairment of left ventricular (LV) relaxation with or without elevated filling pressure that lead to diastolic dysfunction (DD), is associated with exercise intolerance amongst these patients (5) . The contribution of DD on the reduced functional capacity observed in HCM has been previously evaluated in several small studies with conflicting results (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) .We sought to evaluate whether baseline diastolic function is an independent predictor of maximal METs-achieved in patients with HCM utilizing a large contemporary single institution data set.
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Methods
Study design
The study cohort consisted of consecutive patients with clinical and echocardiographic diagnosis of HCM who underwent an outpatient rest and treadmill stress echocardiogram at the Cleveland Clinic or its satellite facilities between January 1, 1996, and December 31, 2011. For patients with more than one stress echocardiogram, only the first one was retrieved for analysis. The rest and exercise stress echocardiogram were often performed on the same day or within the same week. Patients with prior myomectomy or alcohol septal ablation at the time of the first available stress test were excluded. Of 625 patients who were identified from the stress echocardiography database, 130 were excluded because of inability to assess diastolic function for various reasons (Figure 1 ).
There were 495 patients left for analysis.
Exercise Stress Echocardiogram
The methods for exercise treadmill testing in our laboratory has been described in detail previously (18) . Briefly, standard protocols (Bruce, modified Bruce, and Cornell) were chosen with goal test duration between 8 and 12 minutes. Patients were asked to hold beta blockers (if any) at least 12-24 hours prior to the stress testing. All patients exercised to exhaustion, irrespective of the achieved heart rate, and were asked not to hold on to the handrails. However, the test was terminated prematurely if patients developed severe chest pain, symptomatic hypotension, systolic blood pressure >250 mm Hg, significant arrhythmia, severe rate, blood pressure, rhythm, symptoms, ECG changes, and rate of perceived exertion (on a 1-to-10 scale, where 10 is maximum exertion) at rest and at every stage of the exercise protocol. Exercise capacity in MET (1 MET = 3.5 ml//kg/min of oxygen consumption) was estimated on the basis of the protocol, speed, and grade achieved (19, 20) . Heart rate recovery was defined as the change in heart rate between peak exercise and 1 minute of recovery (18) .
Echocardiographic Methods
Patients were imaged in the left lateral decubitus position with commercially available systems, and images were acquired per standard protocol. Continuous and pulse Doppler imaging were performed across the LVOT to assess for gradients (frame rate ~ 50 Hz, sweep speed 50-100 mm/s), and with Nyquist velocity ~ 80-100 cm/s for pulse Doppler (no limit for continuous Doppler). 
3 ))+ 0.6 g; LV mass index = LV mass/height 2.7 (g/m 2.7 ) (25, 26) . Left atrial volumes were re-measured and calculated using the area-length method (most commonly used at our institution)
in accordance with the guidelines (24) . Specifically, at the end of LV systole and before the opening of the mitral valve, the area of the LA was obtained from the 4 and 2-chamber apical views; special care was made not to foreshorten the chambers, and the LA appendage and pulmonary veins were excluded from the tracing.
The stress echocardiogram images were acquired immediately at peak exercise, and focused on LV outflow gradients, degree of mitral regurgitation, and wall motion. 
Statistical Analysis
Continuous data were expressed as mean (one standard deviation), and compared using one-way analysis of variance (ANOVA) testing. Categorical data were displayed as frequencies and percentages, and comparisons were made using Chisquare tests or Fisher exact tests as appropriate.
Multivariate binary logistic regression was performed to identify factors independent predictors of maximal METs achieved. Maximal METs was used as dichotomous variable with cut-off value of 7 which has been traditionally used and shown to be predictive of outcome (27) . Interactions between diastolic function and age, left atrial volume index, body mass index, LV mass index, and LV ejection fraction were tested for. The model was adjusted for age, gender, 
Results
Of 625 patients with HCM initially screened and identified from the stress echocardiography database, 130 were excluded because of inability to measure diastolic function ( Figure 1 ). Diastolic function could not be assessed in 5 patients with prior mitral valve surgery (3 mechanical, 1 bioprosthetic, 1 valve repair), 6
with atrial fibrillation during image acquisition, 37 with moderately-severe or severe mitral regurgitation, and 18 with incomplete diastology assessment. There were 64 studies that could not be retrieved from the archives (Figure 1 ). There was no significant difference in maximal METs achieved or heart rate recovery, Patients' baseline characteristics, echocardiographic parameters, and rest/stress hemodynamics are stratified by baseline diastolic function and displayed in tables 1-3, respectively. Patients with DD were older, had more female, hypertensive, and hyperlipidemic patients as compared to those with normal diastolic function (Table 1) . Also, patients with DD had increased left ventricular mass index, left atrial volumes, pulmonary hypertension, and a trend toward more significant mitral regurgitation (Table 2 ). There was no significant difference in LV ejection fraction, interventricular septal thickness, resting LVOT gradients or systolic anterior movement of the mitral valve.
Only 53 (11%) patients exercised using Bruce protocol (the rest with Cornell or modified Bruce protocols), and had significantly higher proportion of patients with normal diastolic function (22% vs. 8%, p<0.0001) (Table 3) . Furthermore, Using multivariate binary logistic regression analysis, and after adjusting for demographics, co-morbidities, echocardiographic parameters, and possible interactions, independent predictors of low functional capacity and achieving MET <7 were age, female gender, body mass index, interventricular septal thickness, left atrial volume index, and resting LVOT gradient (Nagerlkerke R 2 =0.501). Baseline diastolic function was not an independent predictor of functional exercise capacity or maximal MET achieved (p=0.9) ( Table 4) .
Discussion
This is the largest study to our knowledge that evaluated the association between baseline diastolic function and exercise capacity in patients with HCM. In this retrospective study, the two main findings were: 1) baseline DD is prevalent in up to 79% of the cohort; 2) patients with DD had reduced exercise capacity and worse heart rate recovery compared to those with normal diastolic function; however, DD was not an independent predictor of maximal-METs achieved beyond traditional risk factors. (1), which is often reduced as compared to an age and gender matched normal cohort (8) .
Impaired LV diastolic function is prevalent in more than 50% of young patients and early in the course of the disease(5), and has been proposed to be the link to impaired exercise tolerance.
There have been several studies of small sample size that investigated this hypothesis, some with conflicting results. Lele et al. found no correlation between maximal oxygen consumption (V02) and time to peak filling at rest in 46 patients with HCM (9), nor did Nihoyannopoulos et al. between V02 and resting Doppler indices (N=40) (8) . On the other hand, lateral e' was shown to correlate with functional capacity (r=0.50, p=0.001) (16) and mitral E/e' was significantly higher in patients with HCM versus control (p<0.0001)(12); however, neither parameter was independently predictive of oxygen consumption nor added incremental value. Similarly, the transmitral E to lateral e' ratio was shown to negatively correlate with functional capacity (V02) (r = -0.42, p<0.0001) in 85 patients with HCM, but no multivariate regression analysis was performed to assess its independent value beyond known covariate (11) .
The relationship between left atrial volume index and pressure on functional capacity in HCM has also been investigated. In one study (N=93), left atrial volume index was an independent predictor of exercise tolerance (12) and similar (Table 4 ).
Our study showed that patients with worse DD had impaired exercise tolerance with odd ratio ~ 3.0 (Table 3) . However, these patients were older and had more female, left ventricular hypertrophy, dilated left atrium, and hypertension (Tables 1 and 2 ). After adjusting for these confounders and other relevant ones (Table 4) , baseline diastolic function was not an independent predictor of maximal METs achieved. Routine exercise stress echocardiogram therefore should remain a valid tool in the care of patients with HCM irrespective of baseline diastolic function to assess their functional capacity.
Strengths and Limitations
This is the largest study to our knowledge that assessed the association between diastolic function and functional capacity in HCM. Diastolic function was evaluated by two blinded board certified cardiologists who reviewed all the echocardiograms. However, we acknowledge several limitations. This is a retrospective study from a single tertiary center with likely referral and selection bias. 21% of patients were excluded because of inability to assess diastolic function; however, there was no difference in functional capacity between those 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 (29), and those that correlate with exercise capacity such as aortic stiffness (17), N-terminal-pro-type natriuretic peptide(13), LV chamber stiffness (14), atrial systolic failure (7), LV systolic performance (7), and worsening of LV diastolic filling parameters at peak stress(15), were not available in the database for analysis. Furthermore, maximal oxygen consumption was not available since these patients had regular treadmill stress echocardiograms; however, maximal METs is a reflection of exercise capacity and has strong prognostic value (27) . Current study evaluating patients with HCM who had undergone metabolic stress testing is in progress.
Conclusion: Baseline diastolic dysfunction is common is patients with HCM
undergoing exercise stress echocardiogram, but is not an independent predictor of maximal METs achieved or functional capacity beyond traditional factors.
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